The U.S. Department of Energy established a reference model (RM) project to benchmark a set of marine and hydrokinetic technologies including current (tidal, open-ocean, and river) turbines and wave energy converters. The objectives of the project were to 1) evaluate the status of these technologies and their readiness for commercial applications, and 2) assess the potential cost of energy and identify cost-reduction pathways and areas where additional research could be best applied to accelerate technology development to market readiness.
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Executive Summary
The U.S. Department of Energy established a reference model (RM) project to benchmark a set of marine and hydrokinetic technologies including current (tidal, open-ocean, and river) turbines and wave energy converters. The objectives of the project were to 1) evaluate the status of these technologies and their readiness for commercial applications, and 2) assess the potential cost of energy and identify cost-reduction pathways and areas where additional research could be best applied to accelerate technology development to market readiness.
This report is an addendum to SAND2013-9040: Methodology for Design and Economic Analysis of Marine Energy Conversion (MEC)
Technologies and describes the experimental wave tank tests conducted during the RM3 floating-point absorber (FPA) wave energy converter study. In the RM3 project, three sets of experimental wave tank tests were conducted to study FPA wave energy converter systems during both operational and extreme sea states. The specifications are listed in Table ES -1. The first set of wave tank tests focused on a locked FPA, which did not include a power take-off system, and analyzed the hydrodynamics of an FPA during extreme wave (survival) conditions. The second and third sets of tests evaluated the FPA power output during operational wave environments. The objective of this report is to provide experimental data sets for validating numerical simulation studies of wave tank tests. The wave tank test settings, model dimensions and properties, and post-processed data sets-including the measured wave environment, hydrodynamic response, and the estimated power output-are documented. Tables   Table ES- 
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Introduction
The U.S. Department of Energy established a reference model (RM) project to benchmark a set of marine and hydrokinetic technologies including current (tidal, open-ocean, and river) turbines and wave energy converters (WECs). The project's objectives were to 1) evaluate the status of these technologies and their readiness for commercial applications, and 2) assess the potential cost of energy and identify cost-reduction pathways and areas where additional research could be best applied to accelerate technology development to market readiness.
In the RM3 floating-point absorber (FPA) project, a series of experimental wave tank tests was performed to understand the hydrodynamic and power performance of FPA wave energy converter systems. Researchers from the National Renewable Energy Laboratory and Re Vision Consulting performed three sets of experimental wave tank tests (the specifications are shown in Table 1 ). The first set tested a locked FPA (no relative motion of the two main bodies), which did not include a power take-off (PTO) system, and analyzed the hydrodynamics of an FPA during extreme wave (survival) conditions. The second and third sets of the wave tank tests evaluated the FPA power output during operational wave environments. 
Tank Test Setup
The dimensions of the wave tank at the University of California at Berkeley are plotted in Figure  1 , and the experimental setup is shown in Figure 2 . The wave tank was designed to test ships and large offshore structures but was not intended to test moored floating systems, therefore four metal piles were installed on the tank's sidewalls (two piles on each side) to attach the mooring lines. As shown in Figure 3 , the FPA device was connected to eight mooring lines, and each mooring line was connected to a metal pile on the sidewall. These eight lines were located in two layers, and each layer had four lines in the configuration of a cross. The properties of the mooring settings are given in Table 2 . To test the system during extreme wave conditions (large wave height scenarios), the test was conducted using a 1/100-scale model because of the tank's limited wave-making capability. Figure 4 shows the geometry and dimensions of the testing model, and its mass properties are listed in Table 3 . Note that the mass of the models listed in the table includes the mass of the device and the target plate for the motion tracking system. Researchers placed an analog wave gauge 5.2 meters (m) upstream of the FPA to measure the incoming wave height. Next, we attached a plate with passive markers (that could be targeted by the motion-tracking system) to the buoy, whereas the surge, heave, and pitch motions were captured by the two-dimensional motion-tracking system, which was installed next to the wave tank. Table 4 provides the test cases for the locked FPA wave tank trials, including heave and pitch decay tests (no mooring and no incoming wave) and regular wave tests, where the model was connected to the mooring system. The testing model root-mean-square (RMS) response values in heave, surge, and pitch at the center of gravity and the measured wave heights and wave periods are also listed in Table 4 . Although the tank test focused on extreme wave conditions (design wave heights of 9 m and 15 m at full scale), wave tank tests with a wave height of about 3 m (full scale) were also conducted for reference purposes. In the heave decay test, the FPA device was lifted with an initial displacement of H in =0.02 m (model scale). In the pitch decay test, the device was initially rotated with an angle of α in =5.7 degrees, whereas the initial displacement in surge was minimized. The time histories of the heave and pitch response (α) in the decay test are plotted in Figure 5 . Figure 7 shows the settings and dimensions of the wave tank. Instead of connecting the testing model to the mooring lines, a carriage-connected heave guide was used so that the testing model was constrained to move in heave only. Figure 8 shows the experimental setup for the wave tank tests. A miniature hydraulic cylinder in a closed hydraulic circuit with a needle valve provided damping to the relative motion to represent the PTO system, and the PTO force was measured using a load cell. The potentiometer was used throughout the tests to record the relative motion between the float and reaction plate. The linear potentiometer measurements were also validated by a camera tracking system, which consisted of five cameras that were arranged in a semicircle around the model. A 1/33-scale testing model was used in the study. The dimensions and model properties are shown in Figure 9 and Table 5 . Table 6 lists the test cases and measured results for the heave-only FPA power performance trials in regular waves with a wave height of 2.5 m (full scale), a range of wave periods, and PTO damping coefficients. The power output was calculated as the product of the PTO force and the relative velocity between the float and the reaction plate, as in
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Figure 7. Schematic of the wave tank at the Scripps Institution of Oceanography at the University of California at San Diego
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where P is the power, F PTO is the measured PTO force, and u rel is the relative velocity between the float and spar/plate. The averaged power was calculated as the integration of the instantaneous power over time divided by the relevant signal duration, after the transient response had damped out and only the steady-state response remained. The PTO damping was adjusted by turning the needle valve of the hydraulic circuit. Note that the PTO forces from the tank test showed a higher force on the compression stroke than the extension stroke and needle valve PTO design did not provide a linear constant damping coefficient for each case. For simplicity, we estimate the averaged PTO damping coefficient by assuming that the relative motion is close to a harmonic function, which gives
where A rel is the measured amplitude of the relative motion between the float and the spar/plate and ω is the incident wave frequency.
For PTO damping coefficients between 1,500 kilonewton-seconds per meter (kNs/m) and 2,000 kNs/m, we plotted the relative heave motion between the float and spar/plate and the calculated power output (scaled by H 2 ) against wave frequency in Figure 10 and Figure 11 , respectively. Third-order polynomial regressions were used to represent the trend of the relative motion and power output with respect to the wave frequency. Figure 12 shows the experimental setup for this wave tank test. The testing model was connected to a set of four mooring lines (Table 7 ) and each mooring line was connected to one of four metal piles located on the sidewall. This mooring setup was similar to that used in the locked FPA wave tank test; however, only four mooring lines (single layer) were used for this study rather than the eight mooring lines (two layers) used in the locked FPA wave tank test conducted at the University of California at Berkeley. The dimensions and mass properties of the (1/33-scale) FPA testing model are presented in Figure 13 and Table 8 . The mass properties included the mass of the device structure and ballast. We assumed that both the float and center spar with plate were located at their equilibrium positions. Figure 14 shows a schematic of the PTO design used in the tank test. A hydraulic piston with multiple orifices was used to represent the PTO in the tank test. The orifices could be opened and closed to control the PTO damping to the system. The PTO was placed inside the column with the top end of the cylinder approximately 25 cm below the column top. We used a 0.4-kilonewton (kN) load cell responding only to axial tension and compression to measure the PTO damping. Note that the PTO damping from the orifice design was still nonlinear. Nevertheless, the orifice design provided better control of the damping coefficient, so the damping would not be influenced by the flow around the model caused by the model motion and incoming waves. Table 9 shows the test case and measured results from the moored FPA power performance wave tank test during regular waves with a target wave height of 3 m (full scale) and a range of wave periods. The tank test was performed for a range of PTO damping coefficients to maximize the design power output. The power output was calculated by multiplying the PTO force with the relative velocity between the float and reaction plate following the equation presented in the heave-only FPA power performance test section.
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To analyze the power output and the relative heave motion between the float and spar/plate, the selected results were grouped into two sets of PTO damping coefficients and plotted against the wave frequency, as shown in Figure 15 and Figure 16 . The lower value set ranged from 2,000 kNs/m to 2,500 kNs/m, and the higher set ranged from 6,100 kNs/m to 8,100 kNs/m. Third-order polynomial regressions were also used to represent the trend of the relative motion and power output. 
Summary
This report is a supporting document for the RM project report (Neary et al. 2014) , and it describes the experimental wave tank tests conducted during the RM3 floating-point absorber wave energy converter study. As part of that project, three sets of experimental wave tank tests were conducted to study FPA wave energy converter systems during both operational and extreme sea states. This report documents the wave tank test setup, model dimensions and properties, and the analyzed data sets. The analyzed data sets include a list of test cases, hydrodynamic response, and the estimated power output.
